The in¯uence of bcl-2 and bax expression on apoptotic cell death in mouse intestinal epithelia was assessed using homozygously null mice. Apoptosis was induced in vivo by the enterotoxin 5-¯uorouracil (5FU) or by girradiation and its cell positional incidence was assessed. 5FU and g-radiation treated bax-null mice surprisingly showed no reductions in apoptotic yield in the small intestine or midcolon at 4.5 h at cell positions in which both agents had previously been shown to strongly induce p53 protein expression. The colonic epithelia of 5FU treated bcl-2-null mice showed elevated levels of apoptosis at 4.5 h: from 48 apoptotic events in wild-type mice to 273 in the nulls, scoring 200 half crypts. The increase occurred speci®cally in the cell positions considered to harbour colonic stem cells, at the base of crypts, where there is selective expression of bcl-2. There was a modest but signi®cant increase in apoptosis in the small intestine of the bcl-2-null mice although the epithelia of wild-type mice here are not immunohistochemically positive for bcl-2 protein. These ®ndings show that bcl-2 plays a key role in determining the sensitivity of colonic stem cells to damage-induced death but that bax is not responsible for the p53-dependent induction of apoptosis in this context.
Introduction
Cellular damage can initiate apoptotic cell death, both in vitro and in vivo. It is not the amount or type of damage alone that determines whether the disrupted cell will undergo apoptosis. Instead, whether cells survive or die also depends on patterns of gene expression determining a survival threshold. The threshold has been recently conceptualized as being set by an`apopstat' (Salvesen and Dixit, 1997) , an as yet conceptual structure where survival and damage signals are integrated and where a cellular`decision' to commit to a particular cell fate occurs. The expression of genes which modulate the engagement of apoptosis, such as bcl-2 (which promotes survival) and bax (which promotes apoptosis) (reviewed in Reed, 1999 ) play a key role in determining this survival threshold and will arbitrate for cell survival or death after damage. Thus, so-called`downstream' determinants of toxicity will play a key role in dictating the selective toxicity of some agents to an organ (Dive and Hickman, 1991) . Genes which set the threshold for cell death will also play a part in carcinogenicity, since the continued survival of cells with DNA damage presents the potential for carcinogenic transformation. In recent work of ours using homozygously null mice, we showed unequivocally that the histopathological changes induced in vivo following the enterotoxin 5-uorouracil (5FU) were dependent on p53 expression (Pritchard et al., 1998) . The use of mice with null genotypes for key participants in the induction of apoptosis permits a cell-by-cell analysis of their role in vivo, with cells in their proper context. This avoids some of the emerging controversies of contextual dierences in responses which have emerged from a variety of studies in vitro which contradict those in vivo (reviewed by Lamb and Friend, 1997) .
The crypts of the small intestine and midcolon provide a readily accessible and quanti®able model to address questions regarding the importance of certain gene products on epithelial cell fate in vivo following genotoxic damage (Merritt et al., 1994 , Clarke et al, 1994 . We have suggested that there is a hierarchy of apoptosis at these two sites, with the small intestine more readily undergoing apoptosis in comparison to the colon (Potten, 1992) . Some of the molecular determinants of this hierarchy have been identi®ed. On a cell positional basis, numbering epithelial cells from the base of the crypts, p53 expression in the small intestine was coincident with apoptosis both after g-irradiation of BDF1 mice (Clarke et al., 1994; Merritt et al., 1994) and after the enterotoxin 5FU . We further found that p53-independent apoptosis was observed after 24 h 8 Gy of g-radiation but not after 1 Gy (Merritt et al., 1997) . Moreover, after girradiation, the focus of cell deletion was in the region of the small intestinal crypt considered to harbour the stem cells, namely cell positions 4 ± 6 from the base of the crypt (Merritt et al., 1994 (Merritt et al., , 1995 . One important question is how this p53-dependent apoptosis is mediated. It has been suggested that p53 activates transcription of the pro-apoptotic bax gene (Miyashita and Reed, 1995) . Analysis of the response to damage in bax-null animals was therefore of considerable interest, not least because bax expression has been observed constitutively at the base of the small intestinal crypt, including the stem cell positions (Krajewski et al., 1994; Wilson and Potten, 1996) . It was considered likely that it would play a key role in driving apoptosis.
In contrast to the small intestinal crypts, in the colon p53 expression was attenuated after 1 Gy of girradiation and, like apoptosis, was not focused on the stem cell region, which lies at the crypt base (Merritt et al., 1994) . Instead, we observed selective expression of the suppresser of apoptosis, bcl-2, in the stem cell region of the colon (positions 1 and 2 at the crypt base). Bcl-2 was absent from the murine small intestine by immunohistochemistry (Merritt et al., 1995) . Similar results were reported by others, both for mouse and man (Hockenberry et al., 1991; Krajewski et al., 1993; Hague et al., 1994; Watson et al., 1996) . In previous studies, we showed that mice rendered homozygously null for bcl-2 demonstrated both increased spontaneous and g-radiation-induced apoptosis in vivo, speci®cally at the site of the presumed colonic stem cells, at the base of the crypt (Merritt et al., 1995) . We have now investigated the contribution that these genes make as arbiters of the apoptosis induced by the enterotoxin 5FU, using mice rendered homozygously null for bcl-2 (Nakayama et al., 1993 (Nakayama et al., , 1994 and bax (Knudson et al., 1995) and we have compared this pro®le with those observed after whole body g-irradiation.
Results
We have previously determined the timecourse and dose response of 5FU-and g-irradiation-induced apoptosis in murine intestinal crypts from BDF1 mice (Potten, 1977; Pritchard et al., 1997; Potten and Grant, 1998) . With increasing dose of 5FU, we found a plateau in the amount of apoptosis observed over a 24 h period after 40 mg/kg. Doses above this did not greatly increase the amounts of apoptosis observed. This was the dose used in the current experiments. A 4.5 h timepoint was representative of the early phase of onset of 5FU-induced apoptosis induced by this drug, while the 24 h timepoint represented the peak apoptotic level . As a guide to how the scoring was performed, Figure 1 shows typical sections from midcolonic crypts of wild-type and bcl-2-null animals following 5FU. Figure 2 shows the apoptotic responses of small intestine and midcolon from bax wild-type and null mice following 40 mg/kg 5FU. The data are summarized in Table 1 . There was no signi®cant reduction in the amount of apoptosis at 4.5 h in the small intestine at cell positions where 5FU had been shown to induce p53-dependent death (Pritchard et al., , 1998 . This was surprising and will be discussed later. The cell positions of the apoptosis observed at 4.5 h was not dierent in the bax-null animals compared to their wild-type +/+ counterparts. At 24 h, bax-null mice showed marginally less apoptosis in both small intestine and midcolon (Figure 2 , Table 1 ). In the small intestine, this dierence was only just signi®cant at the very top cell positions of the highly proliferative transit cell zone (cell positions 10 ± 11) and in the midcolon it was signi®cant in positions 8 ± 9 using the modi®ed median test (see Materials and methods). As discussed in Materials and methods, the modi®ed median test cannot detect signi®cant dierences at cell positions 1 and 2 as it utilizes data from adjacent cell positions, using a window of ®ve cell positions; this is clearly not possible at positions 1 and 2. Figure 2d suggested that there may be dierences in apoptosis at cell positions 1 ± 4 in the midcolon. These were not signi®cantly dierent, using the modi®ed median test, between wild-type and bax null animals. Additionally, analysis of the incidence of apoptosis at positions 1 ± 3 in the colon using a 2-tailed Student's t-test showed that apoptosis at 24 h was not signi®cantly dierent between wild-type and bax null animals after 5FU (P=0.185).
In order to establish whether the lack of any profound dierence in apoptotic yield in bax-null mice was peculiar to the cytotoxic stimulus of 5FU or was more general, the levels of apoptosis in response to the alternative stimulus of g-radiation were determined. This concern arose because we had found previously that 5FU disrupted RNA metabolism rather than DNA to induce p53-dependent apoptosis in gut epithelia . It was also possible that pharmacokinetic dierences for drug delivery might occur in the null compared to the wild-type animals; radiation avoids such potential problems. Figure 3 shows the apoptotic response of intestinal crypts 4.5 h (the peak timepoint) following 1 Gy Figure 1 Examples of mitotic cell (arrow) and apoptotic cells (arrowheads) in midcolonic crypts of (A) bcl-2 wild-type and (B) homozygously bcl-2-null mice 4.5 h after 40 mg/kg 5FU (staining of 3 mm paran sections, haematoxylin and eosin stained, 61000, as described previously in Merritt et al., 1996) (which virtually saturates the apoptotic response of small intestine) or 8 Gy (which saturates the apoptotic response of colon) of g-radiation (Potten, 1990; Potten et al., 1997; Potten and Grant, 1998) . Again, after additional statistical analysis using a Student's t-test, no major dierences were observed in the apoptotic yield of bax-null mice after 4.5 h (Table 1) . We also measured levels of spontaneous apoptosis in the crypts in case background levels were inherently dierent. Spontaneous levels of apoptosis did not dier signi®cantly between wild-type and bax-null mice in either small intestine (0.65% in wild types vs 0.4% in nulls (n=4)) or midcolon (0.1% in wild-types vs 0.18% in nulls (n=4)). The median test utilizes data from ®ve cell positions centered around the position quoted. Thus, for example, signi®cance at position 5 is determined utilizing data from positions 3 ± 7. SI=small intestine, MC=midcolon Table 1 Intestinal epithelial apoptosis in bcl-2-null and bax null mice DM Pritchard et al Figure 4 shows the apoptotic responses of small intestine and midcolon from bcl-2 wild-type and homozygously bcl-2-null mice following an intraperitoneal injection of 40 mg/kg 5FU. Four and half hours following drug administration, the bcl-2-null animals showed a signi®cantly greater level of apoptosis in the small intestinal crypts (363 apoptotic cells in 200 half crypts in a group of four null mice, compared with 198 apoptotic cells in the equivalent wild-type mice), with peak levels occurring at cell positions 6 ± 8 in both wild-type and null mice (Figure 4a ). At the same time (4.5 h), there was a 5.7-fold greater incidence of apoptosis in the midcolonic crypts of the bcl-2-null animals (273 apoptotic cells in 200 half crypts compared with 48 in the wild-type mice). Moreover apoptosis in the bcl-2-null animals predominated at the colonic crypt base (143 apoptotic events in 200 half crypts of bcl-2-null mice at cell positions 1 ± 3 compared with seven in wild-type animals) ( Figure  4c ). Examples of these apoptotic cells are shown in Figure 1 . Twenty-four hours following 5FU administration no signi®cant dierences were observed in the apoptotic responses of bcl-2-wild-type and null animals in either the small intestine or midcolon (Figure 4b,d) .
A comparison of Figures 2 and 4 shows that there was some variation in the peak levels of apoptosis following 5FU in the wild-type animals, comparing the bax-nulls to the bcl-2-nulls. As described in the Materials and methods, these animals had dierent breeding histories and we ascribe this dierence to this. We took every precaution to treat and score the wildtype and null animals at the same times to reduce possible variation.
Discussion
We have con®rmed here the results of earlier studies showing that 5FU caused apoptosis in the small intestinal epithelium in vivo and that the drug targeted the highly proliferative early transit cells at cell positions 6 ± 8 (Figures 2 and 4) (Ijiri and Potten, 1983, 1987; Pritchard et al., 1997) . These cell positions of 5FU-induced apoptosis in the small intestine are dierent from those observed after 1 or 8 Gy of gradiation, where cells at positions 4 ± 6 were preferentially deleted by apoptosis (Potten, 1977; Merritt et al., 1994 Merritt et al., , 1995 . The dierence in locus of cell death may re¯ect our recent ®nding that 5FU appears not to be inducing a p53-dependent death by induction of DNA damage but instead that perturbations in RNA metabolism are occurring . Despite the nature of the primary lesions induced, both 5FU and 1 Gy of g-irradiation depend upon the expression of p53 for the deaths observed over a 24 h time period (Clarke et al., 1994; Merritt et al., 1994 Merritt et al., , 1997 Pritchard et al., 1997) . Surprisingly then, we observed no profound eect of the loss of the bax gene on either 5FU-or g-irradiation-induced apoptosis (Figures 2 and 3, Table 1 ). Although the data for 5FU-induced apoptosis at 24 h suggested a trend of reduced apoptosis in the bax-null animals, the data showed no signi®cant dierences in apoptosis at the key cellular positions when compared to the wild-type animals. The data from the irradiated animals was unequivocal (Figure 3 ). This is profoundly dierent from the results reported when p53 null animals were used (Clarke et al., 1994 (Clarke et al., , 1997 Merritt et al., 1994 Merritt et al., , 1997 Pritchard et al., 1997 Pritchard et al., , 1998 . As discussed earlier, both these stimuli for death require p53, which is expressed strongly 4.5 h after irradiation, so that a mechanism other than a p53-directed transcription of bax (Miyashita and Reed, 1995) must be responsible for the apoptosis of these epithelial cells. Immunohistochemical analysis of bax in murine crypts has shown constitutive expression at the base of small intestinal crypts (Krajewski et al., 1994; Wilson and Potten, 1996) although this was most strongly associated with the Paneth cells, which are not a normal focus of damage-induced apoptosis. Moreover, in the colon the strongest expression of bax protein was at the top of the crypts, on the epithelial table lining the lumen of the colon. Again this is not a focus of damage induced apoptosis. It was also interesting that, in contrast to our ®ndings in bcl-2-null mice where the animals showed a signi®cant increase in spontaneous apoptosis in cell positions normally expressing bcl-2 (Merritt et al., 1995) , the bax-null animals showed no change in the levels of spontaneous apoptosis in the small intestine or midcolon (see Results). In both the small intestinal and midcolonic crypts there was a reduction in the numbers of apoptotic cells 24 h after 5FU administration, at positions which represent the late transit cells. These were only on the borderline of being signi®cantly dierent and, again, do not correspond to positions where p53 expression was greatest. The role of bax in determining cell fate in normal murine intestinal epithelia is thus unclear, but is clearly not associated with p53-dependent apoptosis. In this respect, the lack of a dependency on bax for p53-dependent apoptosis in these normal cells is the same as was found for normal murine thymocytes following 2.25 Gy of radiation (Knudson et al, 1995) . The mutation of bax in colon carcinomas has been suggested to contribute towards the resistance of these tumours to therapy (Rampino et al., 1997; Simms et al., 1998) . If this is correct, it has to be assumed from our data in normal murine cells, that either the control of expression and possibly function of bax in the human gut is dierent from the mouse and/or that changes in bax function occur during carcinogenesis. The latter may indeed be the case, since oncogene expression in murine ®broblasts in vitro (McCurrach et al., 1997) or in choroid plexus in vivo (Yin et al., 1997) rendered p53-dependent cell death partially baxdependent. However, in the case of murine ®broblasts infected with E1A, bax expression was not transcriptionally regulated by expression of p53 but, rather, the data suggest that bax appeared to have undergone a p53-signal dependent conformational change, exposing an otherwise cryptic epitope at its N-terminus (McCurrach et al, 1997) . The dierence in bax dependency between normal and oncogene-expressing cells, although not necessarily transcriptionally regulated after damage, suggests the possibilities of selective therapeutic strategies targeted to this locus.
In contrast to the results using bax-null mice, the bcl-2-null mice showed a profound dierence in their early susceptibility to 5FU induced apoptosis ( Figure  4 , Table 1) as they had to g-radiation (Merritt et al., 1995) . This was predictably signi®cant at the base of the colonic crypt (Figure 4c) , the focus of bcl-2 expression in both mouse and man (Hockenberry et al., 1991; Krajewski et al., 1993; Hague et al., 1994; Merritt et al., 1995; Watson et al., 1996) . However, there was no signi®cant dierence in apoptosis after 24 h (Figure 4b,d) . This suggests that a delay in apoptosis rather than a complete ablation is aorded by bcl-2 expression. We have commented recently on the problems of integrating apoptotic cell deaths with time (Pritchard et al., 1998) , or of attempting to determine an`apoptotic index' (Potten, 1996) . The long-term eects of the protection of stem cells at positions 1 ± 2 (Figure 4c ) at this early time point now requires a full long-term toxicological study of gut integrity such as we conducted in p53-null animals (Pritchard et al., 1998) .
The observation of slightly increased levels of apoptosis in the small intestine of homozygously bcl-2-null mice compared with their wild-type counterparts 4.5 h after 5FU administration was somewhat surprising in view of the reported lack of immunohistochemically detectable bcl-2 in this tissue (Krajewski et al., 1993; Hague et al., 1994; Merritt et al., 1995; Watson et al., 1996) . However, we previously (Merritt et al., 1995) observed a slightly increased level of apoptosis at this site 3 h after 8 Gy of g-radiation. This suggested that there may be low levels of bcl-2 expression in the small intestine, below the threshold for immunohistochemical detection in comparison to the colon, where expression was well de®ned and restricted to a few cells at the very base of the crypt. Close inspection of our published data for the eects of g-radiation (Merritt et al., 1995) and of Figure 4c show that the eects of a loss of bcl-2, with its consequent increase in apoptosis, extended up to cell positions 5 and 6 in the midcolon. These are cell positions where we and others observed no expression of bcl-2 by immunohistochemistry (Merritt et al., 1995; Hague et al., 1994) although staining was reported by Hockenberry et al. (1991) . There is also some evidence of bcl-2 mRNA expression in the small intestine from in situ hybridization studies (Scully, Farrell, Potten and Wilson, unpublished observations) . This supports the idea that very low levels of bcl-2 are eective in the small intestine, and that a bcl-2`dose-response' eect is seen in the colon over cell positions 1 to approximately 6 (Figure 4c ), declining from position 1 onwards.
In summary, we have found that, contrary to expectation, the expression of bax does not have a profound eect on the apoptosis of normal murine intestinal crypt epithelial cells following cell damage. This was perhaps surprising in the small intestine where p53 expression, which is suggested to lead to transcription of bax, is closely associated with apoptosis in both the stem cell zone after 1 Gy of girradiation, and in proliferative transit cells after 5FU, as described above. But the result is not dierent from those seen for bax null normal thymocytes observed after radiation (Knudson et al., 1995) . Results from some in vitro cell lines with wild-type p53 have also failed to observe increases in the expression of bax protein after genomic damage (e.g. Canman et al., 1995; Chresta et al., 1996; McCurrach et al, 1997) suggesting that transcriptional activation by p53 is not a universal mechanism to promote apoptosis. The role of bax in intestinal epithelia is thus somewhat enigmatic, especially with respect to its staining pattern in the crypts, discussed above. In comparison, it is clear that bax plays a central role in arbitrating chemotherapy-induced cell death in the normal rodent and human ovary, although the doxorubicin cytotoxicity investigated was p53-independent (Knudson et al., 1995; Perez et al., 1997) . Cell context thus plays an important role in bax activity. Unsurprisingly, loss of bcl-2 led to an increase of cell death in the region of the colonic stem cells 4.5 h after 5FU. Whether this in¯uences the long-term integrity of the gut requires further study, as cells within the putative colonic stem cell region undergo signi®cant apoptosis at a later time.
Materials and methods

Animals and treatment
Bcl-2 wild-type and homozygously null mice were obtained from a stock provided by Dr Dennis Loh (Nakayama et al., 1993 (Nakayama et al., , 1994 . These were derived from 129Sv E14 and D3 embryonic stem cells microinjected into C57BL/6 blastocysts and were maintained on the same genetic background by us. The bax wild-type and homozygously null mice came from a stock as described by Knudson et al., 1995 and were derived from 129Sv RW-4 embryonic stem cells implanted into C57BL/6 blastocysts and again maintained on this background. Mice aged 10 ± 12 weeks, and of either sex, were used with four animals in each experimental group. To reduce variation, mice from the same litters were used and they were treated and scored at the same time. Mice were fed a RM1 expanded diet (Special Diet Services, Waltham, Essex, UK) and water ad libitum and were housed in a 12 h dark/light cycle with lights on at 06.00 h. 40 mg/kg 5FU (Roche, Welwyn Garden City, UK) was administered by single bolus intraperitoneal injection at 09.00 h. Irradiation was performed using a 137 Caesium g-source at 09.00 h (dose rate, 3.8 Gy/min).
Measurements of apoptosis
After a speci®ed time interval, mice were sacri®ced by cervical dislocation and their intestines dissected and ®xed in Carnoy's ®xative. Three mm transverse sections of paran embedded mid small intestine and middle third of colon were stained with haematoxylin and eosin. As stated above, in each set of experiments, +/+ and 7/7 mice were treated, ®xed and scored at the same time. Apoptosis was scored by a single observer (DMP) on a cell positional basis by light microscopic analysis of 50 half crypts per mouse with four mice in each experimental group. Slides were blinded prior to scoring and 30% of all slides were rescored to check reproducibility of the scoring procedure. Each cell position was scored as showing either a normal cell, an apoptotic event, or a mitotic event, with cell position 1 being located at the crypt base. Data are presented as plots of apoptotic cell index % against cell position along the crypt as described in detail previously . Standard errors are shown at each point to clarify variability. Statistical analysis of the dierences between experimental groups at particular cell positions within the crypt was performed using both Student's t-test (assuming unequal variance of the groups being tested) and an extension of the median test as described previously . This test considers the number of animals having apoptotic indices above and below the common median at each cell position in the crypt. The resultant 262 contingency tables are pooled over a window of ®ve cell positions (in these experiments) and then the standard w 2 tests used to assess signi®cance. The quoted cell position at which groups dier are thus the centre of a window extending to cell positions at each side of it, and all ®ve positions are used in the signi®cance test. Clearly, as stated above, the test cannot be applied below cell position 3. A level of 0.05 was considered signi®cant for both tests.
